[1] Flow processes in unsaturated fractures considerably differ from flow in rock matrix because of the dominance of gravitational forces, accentuated by variations in fracture geometry. This gives rise to liquid fragmentation, fingering, and intermittent flow regimes that are not amenable to standard continuum representation. We develop an alternative modeling framework to describe the onset of liquid fragmentation and subsequent flow behavior of discrete liquid clusters. The transition from a slowly growing anchored liquid element to a finger-forming mobile liquid element is estimated from the force balance between retarding capillary forces dominated by contact angle hysteresis and suspended liquid weight. A model for liquid fragmentation within the fracture plane (smooth and parallel walled fractures) for given a steady input flux and aperture size is developed and tested. Predictions of sizes and detachment intervals of liquid elements are in good agreement with experimental results. The results show that the mass of detached liquid element is only weakly related to flow rate but increases with fracture aperture size. Periodic discharge similar to that experimentally observed is a result of the interplay between capillary, viscous, and gravitational forces. We show that the presence of even a few irregularities in a fracture plane may induce complicated flux patterns downstream. Similar erratic fluxes are observed in studies involving gravity-driven unsaturated flow.
Introduction
[2] Continuum approaches to modeling of flow in unsaturated fractures often rely on the analogy between rough fractures and granular porous media. Conceptually, the role of fracture roughness is assumed equivalent to that of variable pore sizes. This allows derivation of constitutive relations for fractured media based on the equilibrium (quasi-equilibrium) configuration of liquid elements in unsaturated fractures. For example, Wang and Narasimhan [1985] and Firoozabadi and Hauge [1990] derived liquid retention curves of unsaturated fractures by representing fracture roughness features using ''cones'' and asperity contacts. According to such models, liquid flow and distribution in unsaturated fractures is stable and continuous.
[3] Recent laboratory flow visualization studies revealed coexistence of several flow regimes in unsaturated fractures, ranging from regular film flow [Tokunaga and Wan, 1997] and continuous liquid threads [Su et al., 1999 [Su et al., , 2001 ] to intermittent rivulets and sliding drops [Kneafsey and Pruess, 1998 ]. The onset of any particular regime, and transitions between the various flow regimes are not yet fully understood . Intermittent flow induced by the formation and growth of liquid bridges and subsequent breakup and motion of such isolated liquid clusters present a particular challenge to flow representation by standard continuum theories [Nicholl et al., 1994; Prazak et al., 1992; Su et al., 1999 Su et al., , 2001 . In nonhorizontal fractures with relatively large aperture sizes, hence reduced restraining capillary forces, the liquid accumulates in narrow gaps and around asperities. These accumulated liquid elements represent a delicate balance between gravitational, surface tension, viscous, and inertial forces, and are susceptible to small perturbations [Nicholl et al., 1994] . At a certain critical liquid cluster size, even a minute addition of liquid could lead to destabilization of the force balance and rapid breakdown. In some cases, the detached liquid may cascade down the fracture plane and sweep other ''liquid elements'' in its path resulting in a disproportionally large liquid discharge event downstream [Cheng et al., 1989; Dexter, 1993; Nicholl et al., 1994; Prazak et al., 1992; Su et al., 1999] . Consequently, flow in unsaturated fractures may be highly intermittent with sizable amounts of liquid traversing large distances through flow pathways that are otherwise hydraulically discontinuous. From a ''standard'' modeling point of view, two atypical flow characteristics emerge in the intermittent flow regimes: (1) the potential for liquid flux in the absence of hydraulic continuity (e.g., dripping-like behavior) and (2) the alteration of a steady flux at a fracture inlet into a highly intermittent flux downstream.
[4] The purpose of this study is to provide an alternative framework for modeling the formation, growth and detachment of liquid elements that give rise to intermittent flow in unsaturated fractures. Our specific objectives were to (1) develop mathematical description of the interactions between discrete liquid elements with geometric features of fractures, (2) estimate dynamics and periodicity of liquid fragmentation within a fracture, and (3) analyze the aggregate behavior of periodic flow within a fracture.
[5] This paper is organized as follows. In section 2 we present the theoretical framework developed in this study to model liquid fragmentation inside fractures. In section 3 we describe flow visualization experiments we conducted to obtain test data. The major theoretical results and experimental data are presented and discussed in section 4. We present and discuss the implications of multiple flow periodicities generated by several fracture asperities in section 5. Finally, we present summary and conclusions of this study in section 6.
Theoretical Considerations
[6] In this section we introduce a conceptual model of formation, growth, and detachment of liquid elements within parallel-walled fractures. First, we introduce a few representative geometric configurations that enable liquid accumulation within a fracture plane that lead to intermittent flow, and present a geometrical model that serves our theoretical analysis. In section 2.2, we analyze sizes and shapes of characteristic liquid elements considering the interplay between the primary forces. The dynamics of liquid element growth and subsequent detachment are described in section 2.3 using a one-dimensional viscous extension model. In section 2.4, the model introduced above is extended to include the effects of the fracture walls on the weight of detached liquid elements and time intervals between detachment events.
Geometric Considerations
[7] It is impractical to exhaust all the geometric features within fractured rock that could trigger fragmentation and intermittent flow; hence we focus on a few simple and illustrative examples in Figure 1 . Figure 1 depicts liquid accumulating at the bottom of an asperity or a local plug within a fracture of uniform aperture. An asperity may be formed by localized precipitation [Dobson et al., 2003] , sediment deposition, irregularities between unmated surfaces induced by faulting. or biomass accumulation by bacterial growth [Geller et al., 2000] . It provides an anchor for liquid accumulation supported by capillary and surface forces. If sufficient liquid flux is diverted toward the suspended liquid bridge, it grows and eventually detaches when its mass exceeds the stabilizing capillary forces. The process is repetitive and leads to intermittent accumulation and shedding of discrete liquid elements as long as there exists a continuous supply of liquid to the anchoring obstruction.
[8] The essence of the above conceptual model of intermittent flow is represented in the geometric model shown in Figure 2 . The model considers a fracture of uniform aperture 2b (i.e., fracture walls are smooth and parallel) inclined at an angle of a from a horizontal plane. A solid obstruction (asperity or discontinuities in Figure 1 ) is emplaced within the parallel fracture. We consider liquid flow directed toward the obstruction at a constant volumetric flow rate Q. The liquid flow supports a liquid element formed downstream anchored by capillary forces to the obstruction. In sections 2.2-2.4 we will estimate the weight of the discharged liquid element and the discharge rate.
Size of Suspended Liquid Element
[9] Consider a stationary liquid element suspended within a parallel-plate fracture. If we ignore for a moment the effect of gravity, the liquid pressure becomes uniform everywhere with a uniform curvature of the liquid vapor interface; that is, the liquid element assumes a circular shape in the fracture plane. Similarly, by ignoring edge effects, we assume a liquid element attached to a solid obstruction within a fracture retains a semicircular shape as shown in In both cases, the corresponding uniform capillary pressure is given by
where s is the surface tension of the liquid-vapor interface, q is the liquid-solid-vapor contact angle, and y is the diameter of the circular liquid element.
[10] Introducing the effect of gravity on the liquid element, without distorting the semicircular shape, the hydrostatic pressure difference between the upper and lower edges of the suspended liquid element is given by
where r is the liquid density and g is the gravitational acceleration. A useful measure of the importance of gravitational force, equation (2), relative to the capillary force, equation (1), acting on the liquid element is given by the dimensionless Bond number
[11] Note that this representation of the Bond number is slightly different from the standard form due to (1) the anisotropic shape of the liquid element and (2) accommodating both positive and negative components of the capillary pressure. For large liquid elements under negative capillary pressures (y/2 > b/cos q), the Bond number grows with the diameter of the liquid element y and/or the inclination angle a. The liquid responds to large Bond number (excessive gravitational forces compared to capillary forces) by adjusting the advancing and receding contact angles and assuming a noncircular (elongated) geometry. For simplicity, we assume the existence of a threshold Bond number Bo* at which elongation begins. The threshold diameter y 0 is obtained by rearranging equation (3) 
[12] We also assume that the width of the elongated liquid element remains fixed at the threshold diameter y 0 . The key parameter here is the value of the threshold Bond number Bo* and the validity of geometrical assumptions above; these are supported by experimental observations discussed in section 3.
[13] After a liquid element begins to elongate, the addition of liquid results in elongation with relatively uniform and constant width as long as the interfacial (capillary) forces are larger than the weight of the suspended liquid element. As the weight of the suspended liquid approaches a critical value, a narrowing neck begins to form. The liquid within the neck region stretches at an increasing rate, eventually resulting in complete detachment of the liquid below the neck. These distinct stages of growth and detachment are illustrated in Figure 4 .
Extension and Breakup of a Free Liquid Thread
[14] Our analysis of the breakup (rupture) of discrete liquid elements within a fracture (also described as internal dripping by Kneafsey and Pruess [1998] ) follows closely our previous analysis of liquid dripping from fractures into subterranean cavities [Or and Ghezzehei, 2000] . The elongation and subsequent breakup are modeled as onedimensional extensional flow [Wilson, 1988; Yarin et al., 1999] . Unlike free dripping, however, dripping in fractures is restrained by capillary and drag forces arising from liquid-solid interactions. We generalize the derivations by recasting Wilson's [1988] one-dimensional governing equations for dripping starting from a more general Navier-Stokes formulation [Yarin et al., 1999] .
[15] We start with a simpler analog problem of a circular thread of Newtonian fluid extruded from an orifice of known cross-sectional area A 0 at a constant volumetric flow rate Q as shown in Figure 4a . The free extension of the thread under its own weight is described by the following equations of continuity and momentum balance (NavierStokes equations) where z is vertical axis, h is viscosity, r is radius of the thread normal to the z axis, and u is velocity. The terms in equation (6) are due to inertia, viscosity, gravity, and surface tension, respectively. We make the following two simplifying assumptions: (1) the effect of inertia is negligible, and (2) the variation of thread radius along z is negligible, that is, @r/@z % 0.
[16] Upon substitution of equation (5) in equation (6) and application of the above assumptions we arrive at
[17] Integrating both sides of equation (7) from the bottom tip of the thread (z = 0) to some arbitrary z gives
where A(z, t) is the horizontal cross sectional area of the thread at z and V(z, t) is the volume suspended below z. To facilitate derivation of analytical solution to the problem we switch from the above fixed Eulerian coordinate to moving (Lagrangian) time-like one-dimensional coordinate [Wilson, 1988] . An arbitrary fluid element located at some z is marked by the time of its extrusion from the orifice t = t. The equivalence of z and t implies that A(z, t) is equivalent to A(t, t). Because the radius of the thread varies with time and space, there is no universal relationship between z and t that applies at all times and locations. Given a constant rate of liquid supply, if we identify an arbitrary z value and a corresponding t value, the volume suspended below z or t can be described by V(z, t) and Q Á t, respectively. The flow equation (8) can now be rewritten as
where l = 3h is the coefficient of extensional viscosity. This equation of extension (9) suggests that the cross-sectional area of the liquid thread at some arbitrary location t shrinks at a rate proportional to the weight of liquid suspended underneath it, rgQt.
Extension of a Liquid Thread Within Fracture Plane
[18] We are primarily interested in the dynamics of liquid threads confined within narrow fractures, which are bounded by solid-liquid interfaces and curved liquid-vapor interfaces. For wettable fracture surfaces (q < p/2), adhesive forces acting at the solid-liquid-vapor contact lines pull the liquid outwardly with a strength proportional to liquidvapor surface tension and contact angle. The contact angle around the liquid element may vary depending on the size and velocity of the liquid element.
[19] To obtain an estimate of the surface tension contribution that balances part of the liquid weight rgQt, we first consider a simpler analogous problem. Bico and Quere [2001] have shown that the dynamic contact angle of a small liquid slug sliding inside a capillary tube is a function of the capillary number Ca reflecting interplay between viscous forces and restraining surface tension. They estimated the net capillary pressure that resists downward motion of a slug in a capillary tube of radius R to be 2sbCa 2/3 /R, with b being a numerical coefficient that is of the order of 10.
[20] Similar to a slug inside a capillary tube, a liquid element of uniform width extends within a parallel-plate fracture at the same velocity throughout its entire length. Thus we can assume a uniform resistive capillary pressure opposing the extension of the liquid thread. By directly applying the notion of retarding capillary pressure of Bico and Quere [2001] to the liquid thread extending in fractures we write the retarding pressure as
We also define the capillary number as
where u 0 = Q/A 0 is the velocity of the liquid at the extrusion plane (top boundary).
[21] Furthermore, we note that surface tension of the liquid-vapor interface resists shrinkage of the cross-sectional area due to a force of the form
The above mentioned forces F and Ψ (due to dynamic contact angle, and surface tension of the liquid-vapor interface, respectively) oppose the force due to the weight of the liquid. By substituting equations (10) and (12) in equation (9) we can write the extension equation as
where we used the approximation A(z, t) % 2by(z, t). Note that we introduced a factor of sin a to the first term on the right-hand side of equation (13) to account for the inclination angle a of the fracture plane measured from a horizontal plane. In the following, we focus on the dynamics of a generic liquid element t, thereby reducing the problem to an ordinary differential equation,
[22] The solution to equation (14) subject to the boundary condition y 0 = y t (t = t) (width of the liquid element at the top boundary obtained using (4)) is
[23] Equation (15) describes the evolution of the width of a liquid element t. When the liquid thread is unable to support its own weight, a narrow neck forms and eventually breaks releasing a freely sliding liquid element that slides down the fracture as shown in Figure 4b . During detachment, the following two conditions occur at the region of rupture. First, the width of the critical fluid element t C vanishes at some time t*, which reduces equation (15) to y t=t c (t = t*) = 0. Then solving for t*
[24] Second, for incompressible liquid, continuity requires that as the cross section of the critical liquid element approaches zero (close to detachment) as its length increases rapidly. This implies the critical element stretches at extremely fast speed, i.e., dt C /dt ! 1. Conversely,
[25] Therefore the value of t C can be obtained by setting the derivative of the right-hand side of equation (16) with respect to t C to zero. Further rearrangement gives the mass of the detached liquid as M C = rQt C ,
[26] The first term on the right-hand side of equation (18) represents the static liquid element supported by the liquidvapor interfacial tension. The second term represents the mass supported by the dynamic contact angle (result of flow and presence of fracture walls). The contribution of the second dynamic term increases with the coefficient b, viscosity l, and flow rate Q.
[27] The time interval between two consecutive detachment events can be obtained from equation (18) simply as the ratio of the detached mass to the mass rate of supply,
[28] Next, we present results from flow visualization to motivate in-depth investigation of the analytical results.
Flow Visualization Experiments
[29] The flow experiments described here were designed to visualize and quantify the important features of intermittent flow within fractures. The experimental setup is similar to that of Su et al. [1999] . A schematic diagram of the experimental setup is shown in Figure 5 . A pair of smooth glass plates were joined together using clips at the four corners. A uniform spacing between the plates was created using slide cover shims placed between the plates at the corners. The average thickness of the shims is approximately 0.1 mm. The assembled pair of glass plates was mounted vertically (a = 90°) on laboratory stands. A small rectangular piece of filter paper was inserted into the space between the glasses at the midpoint of the top edge. Laboratory tap water, at room temperature, was delivered to the filter paper at a constant flow rate using a peristaltic pump. A pressure-regulating reservoir containing enclosed air bubble was placed between the glass plates and the pump to minimize flow rate fluctuations. The assembled glass plates were backlit while still photographs of the experiments at various stages were taken using a digital camera.
[30] The input flow rate Q was determined by accurately metering the volume of water pumped during a certain period (typically, a few minutes) while the digitally controlled peristaltic pump was running at a constant speed. For any given set of flow rate Q and aperture 2b, the number of snapping events N occurring during a certain period T was counted. The average time interval between consecutive snapping events was calculated by dividing the total observation time by the number of events that occurred in that duration (T/N). The corresponding average volume of the detached bridge was calculated by multiplying the flow rate by the time interval between events Q Á T/N. An additional check was provided by weighing the amount of water dripping from the bottom of the artificial fracture.
[31] Supplemental data for the development and testing of our theoretical analyses were obtained from experiments C and D of Su et al. [1999] . With the exception of two minor differences, their experimental design is as described above: first, in the experiments of Su et al. [1999] the liquid was supplied to the point of interest through a separate set of parallel plates of much smaller aperture as shown in Figure 5 (inset). Second, their experiments were performed at nonvertical orientations.
Results and Discussion
[32] In this section, we present the major results of the models we introduced in the preceding sections. Moreover, . The contact angle of water with glass is assumed to be q = 10°.
[33] The liquid bridges that are suspended below the filter paper grow to some critical size and subsequently form a thinning neck that eventually snaps. The periodicity of the snapping events appeared to be near constant for a given set of flow rate Q and aperture 2b. Typical sequences of photographs showing the different growth stages of freely suspended drops [Or and Ghezzehei, 2000] and liquid bridges confined within fracture plane (aperture of 0.6 mm) are shown in Figure 6 . The overall morphology and evolution the liquid bridge are similar to that of the free drop. Most importantly, the widths of the drop and the bridge at the source remained relatively constant throughout all the growth stages, which was the basis for the assumption we introduced in 2.2. Note that the widths of the drop and the liquid bridge were not constrained by the much wider anchoring surfaces (aluminum slab and filter paper, respectively). Similarly, constant width of the growing liquid bridges was also observed by Su et al. [1999] . However, unlike the free drops, the growth of liquid bridges is influenced by strong capillary forces and primed trail of the preceding liquid bridges. Consequently, the detachment process of the liquid bridges tends to be slower. Moreover, the fracture aperture has a strong bearing on the mass of the detached liquid bridge through (1) the strength of the capillary force and (2) the available volume to contain the growing liquid bridge.
Width of Growing Liquid Element, y 0
[34] In solving the mathematical problem of detachment (14), determination of the width of the suspended liquid element y 0 provides an important boundary condition. As indicated by (4), the width of the liquid element depends on fracture and liquid properties, as well as the critical Bond number Bo*. In our experiments conducted using vertical parallel plates of aperture 2b = 0.2 mm, 0.6 mm, and 0.8 mm, we observed liquid element widths of 7.6 mm, 3.2 mm, and 2.9 mm, respectively. In the experiments of Su et al. [1999] , conducted using parallel plates of aperture 2b = 0.6 mm and inclination angles a = 58°and 70°mm, the widths of the liquid elements were consistently 4.5 mm. By matching the widths calculated using equation (4) to measured values, as shown in Figure 7 , we obtained an estimate for the critical Bond number Bo* = 0.05. This value will be used in the remainder of this paper to calculate the width of suspended liquid elements. It is interesting to note that a similar value of Bo* was identified in the experiments of Prazak et al. [1992] as giving rise to intermittent flow regime in packs of coarse sand.
[35] The width of liquid element (y 0 ) as function aperture size (2 Á b), calculated using equation (4) and the above critical Bo* = 0.05, is plotted in Figure 8 for several contact angle (q) and inclination angle (a) values. The general trend is that the width decreases with the aperture. Note that for large apertures, the liquid element width is reduced essentially to thin filaments on the order of a millimeter. For a fixed inclination of the fracture, Figure 8a shows that a smaller contact angle (more wettable surfaces) results in wider liquid elements and visa versa. Similarly, Figure 8b indicates that for a given contact angle (wettability), smaller inclination angles (near horizontal fractures) result in wider liquid elements. The strong dependence of liquid width on inclination angle shown in Figure 8b suggests that fracture inclination plays a more important role than wettability in triggering intermittent flow regimes. We note, however, that when water is injected into a parallel-plate fracture analogue from a point (e.g., syringe needle), Su et al. [2004] have shown that the width of the liquid element increases with flow rate.
Mass and Periodicity of Detached Liquid Elements
[36] Figure 9 shows the relationship between the mass of detached liquid and flow rate for experiments conducted Figure 6 . Sequences of photographs showing the different growth stages of (a) freely suspended drop in air (Q = 60 mL/h) and (b) liquid bridge confined within fracture plane (Q = 100 mL/h). The edges of the liquid bridge appear as a dark outline because of the relatively weak light transmission through the menisci. (4) and critical Bond number of Bo* = 0.05. using vertical parallel plates of 0.8 mm and 1.6 mm apertures. The results indicate that the mass of the detached liquid remains relatively constant as the flow rate is increased several-fold. These suggest that the dynamic part of equation (18) does not play a significant role in determining detachment volume or mass. We thus neglect the dynamic component of the full solution (18) to obtain a more practical and simpler solution,
[37] Predictions of the drop mass using the full solution (18) and the simplified solution (20) are shown in Figure 9 . For the 0.8 mm parallel plates, the slight increasing trend of the detached liquid with flow rate is captured by the full solution (18). For the 1.6 mm parallel plates, both the full solution (18) and the simplified solution (20) consistently underestimate observed values. The slight mismatch between the data and analysis may be due to the relative precision in defining the main parameters, particularly, interfacial tension, interface angle, and aperture.
[38] On the basis of the simplified solution the primary factors determining the mass of detached liquid elements are the properties of the fracture; i.e., inclination, aperture and contact angle. For a few selected inclination angles and contact angles, the dependence of bridge size on aperture is shown in Figure 10 . In general, the mass of the detached liquid increases linearly with the fracture aperture. The slope of the trend rapidly increases as the inclination angle of the fracture decreases. For near horizontal fractures, the tendency of the flowing liquid to break up into fragments disappears. In contrast, the effect of contact angle on the aperture-mass relationship is weak.
[39] The periodicity of the detachment events t C (calculated using equation (19)) is plotted as a function of flow rate Q in Figure 11 for fractures of different aperture sizes 2 Á b. A vertical fracture (a = 90°) and contact angle of q = 10°are considered. The detachment interval decreases rapidly with an increase in flow rate. Moreover, because wider fracture apertures produce larger liquid elements (see Figure 10) , the detachment interval is longer for large apertures. (18) and (20), respectively) capture the measured trends. Figure 10 . Dependence of the mass of liquid elements on fracture aperture (2Áb), fracture inclination angle (a), and solid-liquid-vapor contact angle (q).
[40] In summary, a fracture of variable apertures has the ability of forming liquid elements of different masses and periodicities. The circles in Figure 11 indicate the measured detachment intervals of liquid elements formed in fractures with aperture sizes of 0.8 and 1.6 mm. The implications of such vastly different masses and intervals of detached liquid elements, which can be formed within a single variableaperture fracture, are explored further in section 5.
Intermittent Flow in Fractures
[41] In the previous sections, we discussed the role of small obstructions (asperities, plugs, fracture shears or discontinuities) in converting a steady input flow rate into a periodic and discrete series of discharge events. In this section, we consider aggregate flow intermittency through a single fracture consisting of multiple obstructions. Intermittency of fracture flow has important implications on (1) flow focusing (both spatially and temporally) and (2) amenability of these processes to standard flow models. Discrete discharge events are likely to be followed by rather rapid sliding of the detached liquid bridges across the entire fracture length resulting in fast and localized transport pathways. Such fast transport pathways are likely to be accentuated by interaction (merging) of liquid bridges emanating from multiple obstructions. Because these flow processes occur in the absence of hydraulic continuity the standard continuum modeling approaches are not adequate to describe them. The following illustrative example focuses on the complexity of outflow from a fracture supplied by a constant influx, as recorded by a hypothetical observer unaware of the distribution of apertures in the fracture. For simplicity, we assume that the detached liquid bridges instantaneously travel to the end of the fracture without interacting with other liquid bridges. More realistic analyses of post detachment travel of liquid bridges and interaction between multiple bridges are deferred for subsequent work (D. Or and T. A. Ghezzehei, manuscript submitted to Transport in Porous Media).
[42] We employ a hypothetical model consisting of four different noninteracting asperities (arranged in parallel) within a single fracture, as shown in Figure 12 . The apertures of the asperities used in these simulations are consistent with the illustrative example shown in Figure 11 . In these simulated experiments, we assume a constant flow rate of Q = 5 mL/h applied at the top of fracture is equally partitioned among the apertures, but liquid elements of different sizes and periodicities are formed depending on local aperture geometry. The apertures and corresponding mass of detached liquid and detachment interval are listed in Table 1 . The liquid flux at the bottom of the fracture is funneled into a single collector, and we are interested in the behavior of the resulting flux.
[43] The intermittent flow observed at the collector placed at the bottom of a fracture over a period of 120 min and three different sampling intervals of 180, 60, and 15 s is shown in Figure 13 . The average flow rate (Q = 5 mL/h) is shown by the thick dashed line.
[44] The variability of the output flow rate decreases with increasing sampling interval. For the 180 s sampling interval (longer than the maximum detachment interval of 162 s), only minor variations in outflow are observed. Whereas the flux for 15 s sampling interval (shorter than detachment interval of all four sources) exhibits significant variability. Despite inherent periodicity in discharge events, no repetitive pattern was discerned in outflow rate. Results from actual experiments are likely to be more complicated for several reasons. If asperities are not arranged in parallel, suspended liquid elements at various growth stages could be Table 1 ). swept away by detached elements from upper regions in the fracture. Additionally, interaction with the fracture matrix could significantly alter the size and speed of the detached liquid elements, thereby affecting the final flow rate as the liquid exits the fracture. Nevertheless, even for such simplified conceptualization of a fracture, it is rather difficult to guess the number and periodicity of the sources contained within the fracture just by looking at the outflow.
Summary and Conclusion
[45] Flow processes in unsaturated fractured porous rock were investigated with emphasis on intermittent and irregular flow behavior. The main difference between flow in unsaturated fractures and flow in rock matrix or soils is the enhanced influence of gravitational forces. Physical models were developed for equilibrium liquid element formation in nonhorizontal fractures and for growth dynamics and eventual detachment. Flow visualization experiments were conducted and provide independent confirmation to key elements of the theory. Even when a constant flux is applied to a fracture, interactions of liquid-fracture geometry could lead to fragmentation of the liquid into discrete elements, followed by formation of preferential flow pathways where large elements of liquid flow intermittently. Intermittency is shown to be a result of interplay between capillary, viscous, and gravitational forces much like free dripping.
[46] The main conclusions drawn from this study are as follows.
[47] 1. Fracture properties including aperture, contact angle and inclination angle are the primary factors affecting the width of flowing liquid threads and detached liquid element mass.
[48] 2. The mass of detached liquid is a function of the static force of surface tension and flow rate-dependent force of dynamic contact angle. The contribution of the surface tension force to the detached mass significantly dominates that of the dynamic contact angle.
[49] 3. The presence of only a few irregularities in a fracture plane is sufficient to result in complicated flux pattern at the fracture bottom. Similar erratic behavior has been observed in previous studies involving gravity-driven flow [Prazak et al., 1992; Pruess et al., 1999] . Therefore modeling of flow and transport in fractured systems that are likely to constitute such erratic behavior using continuum approaches needs careful revisiting.
[50] Although results of this study provide, in principle, a means for using information contained in complex fluxes from the bottom of fractures to make inferences regarding internal fracture geometrical features, the analyses are complicated by interactions among discharge events (avalanches) and formation of liquid pools at the bottom of a fracture boundary. Dripping from a liquid pool has its own unique periodicity, which depends the average flow rate and the geometry of the fracture bottom [Or and Ghezzehei, 2000] .
[51] The study highlights the role of irregularities in fracture rock in the formation of relatively large discrete liquid elements. When these liquid clusters become mobile (after detachment) they could rapidly traverse large distances and represent preferential flow events that defy quantification using standard continuum models. Such discrete events may represent a potentially important challenge for prediction of mean arrival times in the context of transport in fractured rock systems. Ongoing studies expands on the results of this work by focusing on the behavior of liquid elements after detachment especially their typical velocity and pathways. 
